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MECHANISM OF THE TOPICAL EFFECT OF PENICILLIN G
IN EXPERIMENTAL LOCAL STREPTOCOCCAL INFECTIONS*
Es GRUNBERG, R. J. SCHNITZER, AND C. UNGER
In the course of studies on the topical activity of penicillin G, we
were confronted with the problem of defining the mechanism of its
antibacterial effect. The rapid absorption of aqueous penicillin solutions
from the site of administration on one hand, and the local defense re-
action toward a bacterial infection on the other hand seemed to require
a two-fold approach to the problem; one was concerned with the fate
of the infective organisms under the influence of penicillin, the other
dealt with the fate of the antibiotic agent in the tissue. In order to avoid
the circumstantial evidence provided by correlating results of in vitro
and in vivo tests, it was attempted to study the complex problem by
in vivo experimentation alone, using a well-defined local streptococcal
infection ofmice.
The investigation of the first part of the problem, namely, the
fate of the streptococci under the influence of penicillin G, was con-
siderably facilitated by our observation that the well-known penicillin
destroying agents, hydroxylamine hydrochloride7 and penicillinase1'2
could successfully be used in vivo. It was found possible to interrupt the
activity of penicillin in vivo at any given period by the use of these
materials.
The second part of the problem, the duration of the presence of
penicillin in tissue in active concentration, was approached by determin-
ing the prophylactic activity of a subcutaneous administration of peni-
cillin G towards a local streptococcal infection.
The correlation of both types of experiments which are described
in thepresent paper seemed to allow conclusions as to the mechanism of
the topical effect of penicillin G.
* From the Chemotherapy Laboratories, Hoffmann-IA Roche, Inc., Scientific Division,
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Materials and methods
Local therapeutic experiments: Two-tenths of a milliliter of a 1:5 or 1:15 5
dilution of a 24-hour serum broth culture of a fl-hemolytic streptococcus, ob-
tained from an abscess of the foot of a patient at the Beth Israel Hospital,
Newark, N. J., and designated as Streptococcus B, were injected into the ventral
subcutaneous tissue of mice. The animals were treated immediately, by sub-
cutaneous injection into the infected area, with 1.0 ml. of a solution containing
concentrations of crystalline penicillin G in saline ranging from 5 to 1000
units/ml. Crystalline penicillin G (Roche) was employed in all experiments.
When the period, ranging from one to 22 hours, during which the organisms
were to be exposed to the antibiotic in vivo had elapsed, 1.0 ml. of a solution
containing 2.5 mg./ml. of hydroxylamine hydrochloride (Eastman-Kodak) or
a solution of 10 mg./ml. of penicillinase (A. D. Mackay) was injected sub-
cutaneously into the treated area in order to inactivate any penicillin present
in the tissues. All mice were autopsied, and cultures weremade on plain blood agar
plates at the end of 24 to 26 hours. Animals, cultures of which showed none
or less than 10 colonies, are listed as sterilized in the tables.
Since hydroxylamine hydrochloride was found to have an LD50 of 0.235
gm./kg. and the LD50 of penicillinase was 2.3 gm./kg., the concentrations used
in our experiments, such as 0.125 gm. hydroxylamine/kg. and 0.5 gm. peni-
cillinase/kg., were atoxic and, as will be shown later, without antibacterial
activity.
Local prophylactic experiments: One milliliter of saline solutions con-
taining 250 or 500 units/ml., respectively, of crystalline penicillin G was in-
jected into the ventral subcutaneous tissue of mice. At specified intervals of 15
minutes, 30 minutes, 1 hour, or 2 hours after the injection of penicillin, 0.2 mL
of a 1:5 dilution of a 24-hour serum broth culture of Streptococcus B were
injected subcutaneously into the treated area. At the end of twenty-two to
twenty-four hours, the mice were autopsied and the area of infection was cultured
on plain blood agar plates.
It was unnecessary to use blood agar plates into which a penicillin inhibitor
was incorporated for culturing the animals at the end of 24 hours, since we had
found that all the penicillin had disappeared much earlier and there was no
danger of carrying over enough penicillin to cause any bacteriostatic activity.
Experimental
Local therapeutic experiments: The dose of penicillin G which
sterilized local streptococcal infections of mice by topical administration
was at the time of these experiments 10 to 20 units of penicillin (0.625
to 1.25 mg. %). In the experiments in which the inactivation of peni-
cillin was undertaken, the entire range of penicillin doses from an in-
active dose of 5 units/ml. to a high multiple of the active dose, namely,
1000 units/ml., was selected. The results are given in table 1.
* A dilution of 1:15 was used in the later experiments, since it was found that the
organism, after being carried in the laboratory for several months, gave the same response
with a dilution of 1:15 as it had initially with a dilution of 1:5.
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TABLE 1
LOCAL THERAPEUTIC ACTIVITY OF PENICILLIN G AGAINST P-HEMOLYTIC
STREPTOCOCCUS AT VARIOUS TIME INTERVALS.
Infection: 0.2 ml. of a 1:5 or a 1:15 dilution of an overnight serum broth culture
of Streptococcus B injected into the ventral subcutaneous tissue.
Treatment: 1 ml. of a solution of 5, 50, 500, or 1000 units/ml. of penicillin
injected into the ventral subcutaneous tissue immediately after infection.
Inactivation of penicillin: 1 ml. of 1:400 hydroxylamine hydrochloride or 1 ml.
of 1:100 penicillinase injected into ventral subcutaneous tissue 1, 5, 6, 8, or
22 hours after treatment.
Per cent sterilized miceafter injection of
inactivator at hors*
Units of Inactivator
penicillin/ml. Inactivator 1 5 6 8 22 Controls Controls
5 H.H.t 20 0$ - 0 0 0
50 H.H. 0 0 80 - 80 0 0
50 P.t 0 0 67 70 90 0 0
500 H.H. 10 0 80 - 100 0 0
500 P. 6 0 73 70 100 0 0
1000 H.H. 0 5 - - - 0 0
1000 P. 0 0 100 90 0 0
Groups of 10 to 20 animals were used and all animals were autopsied 24 to 26 hours
after infection.
tH.H. = Hydroxylamine hydrochloride 1:400
P. = Penicillinase 1:100
* "O" indicates that all mice showed local lesions and heavy growth of streptococci in
subculture.
Table 1 shows that all untreated controls and all controls treated
with the inactivators exhibited fully developed local infections.
The subtherapeutic dose of 5 units/ml. was, according to expecta-
tion, inactive and independent of the time at which hydroxylamine
was administered. In the series in which multiples of the active dose of
penicillin were treated with inactivators at one to five hour intervals,
the penicillin effect was interrupted and practically all mice showed
fully developed infections. There was no difference between about 2.5
to 5 times the active dose (50 units/ml.) and 50 to 100 times the active
dose (1000 units/ml.), probably due to the excess of inactivator
given. A striking difference was, however, seen if hydroxylamine or
penicillinase, respectively, was given 6 hours or longer after infection
and treatment; the activity of penicillin could no longer be interrupted.
The majority of mice (70-100 per cent) showed no or only a few
streptococcal colonies in the cultures taken after 24 to 26 hours.
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These observations seemed to suggest that the topical injection of
penicillin G exerted its direct antibacterial activity for a period of 5
hours. After that time one might assume that the majority of the in-
fecting organisms were killed because the administration of potent
inactivators of penicillin was obviously without effect on the bacte-
riological result.
This finding, of course, did not allow the conclusion that active
concentrations of penicillin remained in the tissues for periods of 5
hours. It merely suggested that between the fifth and the sixth hour the
streptococci were eliminated by a process which might be connected
with their exposure to penicillin.
It seemed that prophylactic experiments might give some informa-
tion as to the question of how long penicillin G persisted in the tissue
in a concentration capable of suppressing the streptococcal infection
used in the therapeutic experiments.
Local prophylactic experiments: Mice, which had been given a
ventral subcutaneous injection of 250 and 500 units of crystalline peni-
cillin G respectively, were infected in the same area with Streptococcus
B 15 minutes, 30 minutes, 1 hour, and 2 hours later. The percentage of
mice sterilized under these conditions is given in table 2. It can be
seen from this table that 250 to 500 units sterilized 50 to 75 per cent
TABLE 2
LOCAL PROPHYLACTIC ACTIVTY OF PENICILLIN G AGAINST p-HEMOLYTIC
STREPTOCOCCUS AT VARIOUS TIME INTERVALS.
Infection: 0.2 ml. of a 1:5 dilution of an overnight serum broth culture of
Streptococcus B injected into the ventral subcutaneous tissue.
Treatment: 1 ml. of a solution of 250 or 500 units penicillin/ml. injected into
the ventral subcutaneous tissue 0.25, 0.5, 1.0, or 2.0 hours before infection.
Per centsterilized mice which were infected. . .
hours after treatment with penicillin
Units of
penicillin/ml. 0.25 0.5 1 2 Controls
250 50 64 27 17 0
500 73 59 23 ot 0
* Groups of 15 to 25 animals were used in these experiments and all animals were
autopsied at the end of 22 to 24 hours.
t"O" indicates that all mice showed local lesions and heavy growth of streptococci in
subculture.
of the mice if the animals were infected within one-half hour after
treatment. Using the same dosages, only 25 per cent of the mice were
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sterilized if the intervening period between treatment and infection was
one hour. If two hours elapsed between treatment and infection, from
O to 17 per cent of the animals were sterilized. Thus, the results indicate
that penicillin is no longer present in an amount suficient to exert an
appreciable bactericidal activity after the first hour. It does not, how-
ever,indicatewhetherornotthe antibiotic agenthas entirelydisappeared
from the tissue.
This information had to be obtained from an in vitro test, because
penicillin concentrations below 10 units/ml. can hardly be determined
by in vivo experiments.
Asimplequalitativemethodwasdevised inordertoestimate roughly
presence or absence of penicillin in the tissues.
One milliliter of a saline solution of 250 or 500 units/ml. of
crystalline penicillin G was injected into the ventral subcutaneous
tissue of mice. At specified intervals of 15 minutes, 30 minutes, 1 hour,
2 hours, 3 hours, 4 hours, 5 hours, and 6 hours after the injection of
the penicillin, the mice were killed and a small piece of the ventral wall
was removed andplaced, subcutaneous tissuedown, on aplatepreviously
seeded with 0.2 ml. of an overnight broth culture of Streptococcus B.
The plates were read for zones of clearance around the tissue fragments
at the end of 24 hours of incubation and compared with the standard of
1 unit penicillin G. Several experiments were run in duplicate using
seeded blood agar plates containing 1:1000 penicillinase.
The results of these experiments substantiated the observations
made in the prophylactic experiments. The data in table 3 which
represent the average of from 5 to 15 determinations are given in
mm.2 of the area of clearance around the tissues. The figures indicate
TABLE 3
DETERMINATION OF PENICILLIN IN TISSUE AT SPECIFIED INTERVALS
Penicillin: 1.0 ml. of a saline solution of crystalline penicillin G containing 250
or 500 units/ml. was injected into the ventral subcutaneous tissue of mice.
Culture: The mice were killed at 15 min., 30 min., 1 hr., 2 hrs., 3 hrs., 4 hrs.,
5 hrs., and 6 hrs. after the injection of penicillin and a small piece of the
ventral body wall was removed and placed, subcutaneous tissue down, on
a blood agar plate streaked with 0.2 ml. of Streptococcus B culture.
Area of clearance in mm'.. . hours Areaof
after injection of penicillin clearance
Units of in mm' by I unit
penicillin/ml. 0.25 0.5 1 2 3 4 5 6 of penicillin
250 749.1 555.7 510.7 394.1 56.8 14.5 0 0
500 940.3 656 764.5 298.7 54.1 0 0 0
Control - -.203.6
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that there was a sharp drop in the penicillin content of the subcutaneous
tissue between one and two hours after the injection of penicillin G.
The comparison with penicillinase-containing plates proved that the
areas of inhibition were due to the presence of penicillin. The growth of
streptococci was not inhibited on these plates. Although no attempt was
made to interpret the measurements quantitatively, it seems evident that
probably not more than 1 or 2 units of penicillin were present in the
tissues after 2 hours. At the 3-hour interval only fractions of a unit were
found and after that time no penicillin could be demonstrated.
This finding explains why no prophylactic effect was present if
animals were infected two hours after the administration of penicillin,
but it presents at the same time the problem that the time of tissue
sterilization by penicillin does not coincide with the time at which
penicillin has disappeared from the tissue. This discrepancy forms the
subject of the following discussion.
Discussion
Experimental evidence has been presented that it is possible to
interrupt the topical activity of penicillin G by injecting hydroxylamine
hydrochloride orpenicillinase into the infected area at specified intervals
after the administration of penicillin. From these experiments the con-
clusion was drawn that between 5 and 6 hours after the treatment with
appropriatedoses (at least 50units/ml.) ofpenicillin the tissue steriliza-
tion was completed, because inactivators injected after 6 hours failed to
interfere with the anti-streptococcal effect of the antibiotic.
It seemed unlikely, however, that penicillin G, particularly in the
aqueous solution used in these experiments, should persist as long as
6 hours in the tissues. The prophylactic experiments, substantiated by
the estimation of the presence of penicillin in the tissues, indicated
indeed that penicillin was not present in active concentration (25
units/ml. or more) after one or two hours. Offhand one might be
startled by the finding that the two groups of experiments seemed to
offer the paradoxical result that penicillin inactivators interfered with
penicillin for a period of hours (2- to 6-hour intervals) during which
penicillin was not present in an active concentration. It was, however,
felt that this surprising difference in the time factor evaluated by two
different types of experiments might contain the clue to an interpreta-
tion of the mechanism of activity exerted by penicillin on streptococci
under the conditions of direct contact in vivo.
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The fact that viable streptococci were present in the tissues up
to 6 hours after the administration of penicillin, which has been demon-
strated by the treatment with proper inactivators, while the antibiotic
itself persisted for no longer than 2 hours, allows the following ex-
planation.
During the first hour after the treatment of the subcutaneous strep-
tococcal infection with penicillin G the organisms undergo a reversible
damage,probablydueto thespecific adsorption ofpenicillin. Ifpenicillin
is destroyed, as we assume, on the surface of the cocci by inactivators
during the following 5 hours, the infection develops normally as in
the controls. At the time of the bacteriological examination of the
animals (i.e., 24 to 26 hours after infection) specific lesions can be
observed and heavy growth of streptococci is obtained. After the sixth
hour, the damage of the streptococci by penicillin becomes irreversible
and inactivators of penicillin can no longer interfere. Thus, the high
percentage ofsterilized mice is obtained as described in our experiments.
Whether the irreversible damage is due to penicillin alone or to
the concurrent activity of the natural immune response by inflammation
and phagocytosis cannot yet be decided. It is known from the work
ofBuckand Schnitzer3 andKellyandSchnitzer' that amarked synergism
of antibodies and penicillin exists in pneumococcal infections. It is
probably not accidental that according to immunological studies on
inflammation, leukocytosis, and phagocytosis the time between one and
six hours represents a peak of local and general response to an infective
agent, antigen, or irritant introduced into the tissue.4 6 Therefore, it
would not be surprising that the local defense mechanism also exerts
a synergistic effect by eliminating the irreversibly damaged streptococci.
Experiments to elucidate this phenomenon by analyzing the changes
occurring in the organisms as well as the influence of the phagocytic re-
action are in progress.
The methods employed in the present investigation served also
for an evaluation of the activity of penicillin in vehicles other than
saline; the results of these studies will be reported in the near future.
Summary
(1) A method is presented by which the topical effect of penicillin
Gon a local streptococcal infection ofmice can be interrupted by admin-
istration of hydroxylamine hydrochloride or penicillinase.
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(2) Inactivation of penicillin in vivo at specified intervals indi-
cates thattissue sterilization of topical infections with streptococci occurs
between 5 and 6 hours after the administration of aqueous solutions
of penicillin.
(3) Prophylactic experiments supplemented by estimation of the
presence of penicillin in tissue indicate that an active concentration of
penicillin is no longer present two hours after the administration of an
aqueous solution of the drug.
(4) These findings seem to suggest that the reversible damage
conferred to the streptococci by penicillin during the first hours leads to
an irreversible damage and to their eventual destruction in which the
local defense mechanism of the host participates.
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